Addiction is a disease of neuroplasticity. In the past, clinicians considered detoxification to be the treatment for addiction. However, detoxification is simply removal of the drug from the body and treatment of withdrawal symptoms. Now we know that the essence of addiction continues long after the last dose of the drug, often lasting for years. This was first demonstrated in animal models, and later shown in human addicts more than 30 years ago.^[@ref1]^ Addiction is fundamentally a memorytrace that manifests itself by reflex activation of brain circuits, especially the reward system, resulting in motivation to resume drug-taking behavior when drugrelated cues are encountered.

Drugs that activate the reward system carry liability for the development of addiction, but vulnerability to this disorder is influenced by complex genetic and environmental variables. A characteristic of all drugs that are abused by humans is that they activate dopamine circuits in brain reward systems by a variety of mechanisms. This has been demonstrated directly in animal models and indirectly in human brain imaging studies. Other neurotransmitters are also involved, but dopamine has received the greatest attention.

While a given drug of abuse will tend to have very similar immediate effects in all users, only a minority of users progress to the stage of compulsive use or addiction. Two general forms of neuroplasticity can be demonstrated. The first, and most common, is tolerance accompanied by physical dependence. Tolerance is manifested by reduced effects from a given dose that is given repeatedly, and "physical" dependence (not addiction) is manifested by withdrawal symptoms when the drug is stopped abruptly. This form of plasticity occurs in all individuals when certain drugs are taken repeatedly. Examples include prescribed medications such as β-blockers, antidepressants, sedatives, and opioids for pain, as well as commonly abused drugs such as alcohol, cocaine, and nicotine.

The second form of neuroplasticity is manifested by compulsive drug-seeking behavior. The reward system, which developed early in evolution, reinforces adaptive behavior such as that leading to the acquisition of water, food, and sex. Drugs that directly activate the reward system may produce learning that diverts the individual to those behaviors that repeat the drug-induced feelings of reward. An important feature of this form of neuroplasticity is that it is stable and perhaps permanent. The dopamine release caused by a drug of abuse tends to be greater than that of natural rewards, and to continue with repeated exposure rather than diminish, as is the case with natural, expected rewards^[@ref2]^. Thus, the drug experience becomes associated with environmental cues and acquires increasing salience. Individuals who develop this neuroplasticity tend to suffer from a chronic illness with potential for relapse, even years after the last dose of the drug. Drug-taking then acquires more salience than natural or adaptive behaviors.

Evidence of the plasticity that has occurred with the development of addiction can be demonstrated by brain imaging studies that show rapid activation (increased blood flow to reward pathways) when drug-related cues are shown to addicts who have been free of drugs for at least a month.^[@ref3]^ Even cues so brief that they do not reach consciousness (33 msec) can produce rapid activation.^[@ref4]^ During brain reward system activation, the addict reports drug craving. The strength of the craving is related directly to the amount of endogenous dopamine released in reward structures, as measured by displacement of labeled raclopride in positron emission tomography (PET) studies.^[@ref5]^

More direct studies of the plasticity induced by drugs of addiction can be seen in animal models. Shaham and colleagues have studied the relapse or reinstatement of drug-taking in rats trained to self-administer intravenous cocaine.^[@ref6]^ Availability of cocaine is signaled by a light that the animal then associates with cocaine. After the behavior is well trained, the cocaine can be turned off; thus, pushing the lever no longer provides cocaine. After the extinction process is complete, the animal can be tested for reinstatement by returning it to the drug-taking environment and giving the light cue. This is considered to be a model of "relapse" in human addicts. The intensity of relapse can be measured by the number of times the light causes the rat to press the bar despite not receiving any cocaine. Eventually, the unrewarded bar pressing stops. It was found that reinstatement occurred when rats were tested 1 week after extinguishing cocaine-seeking, but the reinstatement was significantly greater at 4 weeks, and progressively increased further if the rats were allowed to rest in their cages for up to 6 months before relapse testing. The strengthening of relapse tendency over time has been called "incubation" and is associated with increases in the levels of the growth factor brain-derived neurotrophic factor (BDNF) in the ventral tegmental area and in the nucleus accumbens. The authors also found that exposure to cocaine cues increased extracellular signal-related kinase (ERK) in central amygdala after 30 days of rest, but not after 1 day. This shows that there is an active neuroplastic process in the brain that increases over time and is manifested by increased cocaine-seeking behavior.

Transcription factors have been observed to be changed by addictive drugs. Delta Fos B accumulates in dopamine terminals in the cortex and striatum.^[@ref7]^ All drugs of abuse tested produce an increase in delta Fos B, which appears to be involved in the development of motivated behaviors. Disruption of this process blocks the development of drug-associated plasticity such as behavioral sensitization. The latter is the increase in motor behavior in response to repeated, fixed doses of a stimulant.^[@ref8]^ Genes directly regulated by delta Fos B appear to have different effects and may limit as well as promote drug reinforcement. The delta Fos B changes are temporary, with return to prior levels when the drug is no longer present. Thus, these transcription factor changes do not seem to underlie long-term neuroplasticity.

Changes in neuronal morphology have also been noted in animals exposed to drugs that are abused. In the nucleus accumbens, an increase in dendritic spine density has been reported in medium spiny neurons from rats self-administering cocaine. These changes persisted during abstinence, and may be involved in long-term changes associated with drug-seeking behavior.^[@ref9]^

Changes in neuronal morphology have also been found in individuals chronically exposed to opioids. Chronic morphine given to rats, for example, has been found to reduce dendritic spines (whereas stimulants increased spines) on ventral tegmental area neurons. Chronic morphine also reduces neurogenesis in the hippocampus.^[@ref10]^ These changes may be the basis for the cognitive losses seen in some patients receiving chronic opioids for pain. Since the learned addictive behavior is thought to result from neuroplasticity such as that described above, it seems logical to consider reversal of these changes as a target for the treatment of addictive behaviors. A very interesting animal model of this approach has been illustrated by a series of experiments by Kalivas el al. Using rats trained to selfadminister cocaine, they reported a reduction in glutamate in the brains of animals exposed to long-term cocaine and a disruption of glutamate homeostasis. Following withdrawal from chronic cocaine there is a marked imbalance in glutamate homeostasis, with both cystine-glutamate exchange and glutamate uptake being reduced in the nucleus accumbens.^[@ref11]^ Hie imbalance in glutamate homeostasis is associated with a reduction in basal extracellular glutamate levels and a potentiated release of synaptic glutamate during drug-seeking.^[@ref12]^ In addition, there is a basal increase in the α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate (AMPA) to N-methyl-D-asparlic acid (NMDA) current ratio and a loss of both long-term potentiation (LTP) and long-term depression (LTD).^[@ref13]^

There are therapeutic implications in these observations on glutamate homeostasis. Cystine can be administered to animals withdrawn from chronic cocaine using Nacetylcysteine as a carrier, or glutamate uptake can be increased by the antibiotic ceftriaxone. By restoring the glutamate homeostasis in this manner, reinstatement of cocaine seeking is prevented. The treated animals also show a restored ability to induce LTP and LTD, as well as a normalization of the AMPA:NMDA ratio. Hie treatment also prevents changes in spine head diameter induced during cocaine-seeking.^[@ref13]^

Taken together, the data above suggest the possibility that normalization of glutamate homeostasis in addicts might restore the ability to induce synaptic plasticity in the nucleus accumbens, which in turn could facilitate establishing behaviors that might compete with drugseeking.

Exogenous N-acetyl cysteine is used for the treatment of hepatic failure in acetaminophen overdose. Thus, it was available to be administered to cocaine addicts presented with cocaine-related cues in an attempt to translate findings in the animal model to human addicts. Those treated with N-acetyl cysteine reported reduced desire for cocaine compared with the control group.^[@ref14]^ In another human study, N-acetyl cysteine was found to reduce pathological gambling^[@ref15]^ and cigarette smoking.^[@ref16]^ Further clinical trials are in progress

Another attempt to reverse the learned behaviors seen in addiction involves a new technology of real-time functional magnetic resonance imaging biofeedback of brain activity.^[@ref17]^ Addicts have been shown to have poor ability to inhibit impulses, and this correlates with decreased frontal lobe activity. Normal subjects can activate frontal control mechanisms when attempting to inhibit sexual arousal, but cocaine-dependent patients are unable to inhibit craving when shown drug-related stimuli. By providing feedback of frontal activation, the patients will attempt to learn to activate inhibitory structures and inhibit drug craving. This represents a therapeutic attempt to introduce new learning to control addictive behavior. The continued study of the underlying mechanisms of plasticity will undoubtedly produce other novel pharmacological and behavioral treatments.
